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Composite  electrodes  composed  of  a  perovskite-type  Lao.8Sro.2Sco.iMno.g03_^  (LSSM)  and  a  fluorite-type 
scandium-stabilized  zirconia  (ScSZ)  were  prepared  and  evaluated  as  potential  cathodes  for  intermediate- 
temperature  solid-oxide  fuel  cells.  Characterization  was  made  by  phase  reaction,  electrochemical 
impedance  spectroscopy,  step  current  polarization  and  l-V  tests.  The  phase  reaction  between  LSSM  and 
ScSZ  occurred  at  1150  °C  or  higher;  however,  it  had  a  minor  effect  on  the  electrode  performance.  The  forma¬ 
tion  of  a  composite  electrode  led  to  an  obvious  improvement  in  both  charge  transfer  and  surface-related 
processes.  With  the  increase  of  ScSZ  content,  the  rate-limiting  step  of  oxygen  reduction  reaction  steadily 
changed  from  mainly  a  surface  diffusion  process  to  an  electron  transfer  process.  The  optimal  ScSZ  content 
and  sintering  temperature  of  the  electrode  layer  were  found  to  be  20  wt.%  and  1100-1150  °C,  respectively. 
Under  optimal  conditions,  an  anode-supported  single  cell  with  LSSM  +  ScSZ  composite  cathode  showed 
high  power  densities  of  -1211  and  386  mW cm-2  at  800  and  650  °C,  respectively. 
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1.  Introduction 

The  solid-oxide  fuel  cell  (SOFC)  is  an  all-solid  electrochemical 
device  which  converts  chemical  energy  to  electrical  power  at  ele¬ 
vated  temperature  with  very  high  efficiency  and  low  emissions. 
A  single  SOFC  is  composed  of  a  porous  anode  and  a  porous  cath¬ 
ode,  separated  by  a  dense  electrolyte.  The  single  cells  are  stacked 
in  series  or/and  parallel  to  meet  the  potential  and  power  require¬ 
ments  for  practical  application.  A  typical  SOFC  is  composed  of 
an  yttria-stabilized  zirconia  electrolyte  and  lanthanum  strontium 
manganese  (LSM)  cathode  operated  at  around  1000  °C.  Nowadays, 
it  has  been  well  recognized  that  multiple  benefits  can  be  derived 
by  reducing  the  operating  temperature  of  a  SOFC  to  the  intermedi¬ 
ate  temperature  range  of  500-800  °C,  including  reduced  fabrication 
cost,  prolonged  life  time,  versatile  cell  materials,  and  elegant  seal- 
ing  [1-7]. 

Cathode  is  the  location  at  which  oxygen  reduction  reaction  takes 
place.  Since  oxygen  activation  is  normally  much  more  difficult  than 
that  of  hydrogen,  with  the  drop  of  operating  temperature,  the  polar¬ 
ization  resistance  for  a  SOFC  with  thin-film  electrolyte  originates 
primarily  from  the  cathode  [8-10].  The  development  of  a  cathode 
with  high  electrocatalytic  activity  for  oxygen  reduction  is  thereby 
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critical  for  the  production  of  intermediate-temperature  (IT)-SOFCs. 
It  is  well  known  that  cathode  performance  is  determined  by  many 
factors,  such  as  electrical  conductivity,  the  thermal  expansion  coef¬ 
ficient,  phase  reactions  between  the  electrolyte  and  electrode,  and 
oxygen  surface  exchange  and  bulk  diffusion  properties  of  the  cath¬ 
ode  material  [2,8].  A  synergetic  effect  between  electrolyte  and 
electrode  may  also  be  observed.  For  example,  a  mixed  conduct¬ 
ing  perovskite-type  Bao.sSro.sCoo.sFeo^Os-s  oxide  that  performs 
well  on  a  doped  ceria  electrolyte  did  not  perform  as  well  on  sta¬ 
bilized  zirconia  electrolytes  [5,11-13].  Thus,  the  electrode  material 
and  microstructure  should  be  specially  tailored  for  the  individual 
electrolyte. 

Stabilized  zirconia  is  still  the  most  commonly  used  electrolyte 
in  SOFC  due  to  its  excellent  mechanical  properties,  favorable 
redox  stability,  and  negligible  electronic  conductivity.  Scandia- 
stabilized  zirconia  (ScSZ)  shows  the  highest  ionic  conductivity 
among  the  lanthanide-stabilized  zirconias  and  has  received  con¬ 
siderable  attention  recently  [14-17].  Today,  the  typical  cathode 
material  matching  the  ScSZ  electrolyte  is  still  the  LSM  oxide, 
although  it  shows  poor  activity  for  oxygen  reduction  at  reduced 
temperatures.  Many  strategies  have  been  exploited  to  improve  its 
cathodic  performance  at  reduced  temperature,  such  as  optimizing 
the  microstructure  of  the  cathode  and  electrolyte  interface  [18-20], 
surface  modification  of  the  LSM  with  precious  metals  such  as  Ag  or 
Pt  [21-24]  or  samaria  or  gadolinia  doped  ceria  [25,26],  or  polar¬ 
izing  under  direct  cathodic  current  for  a  limited  period  of  time 
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to  create  oxygen  vacancies  on  the  surface  or  inside  the  bulk  of 
the  LSM  [27-29].  The  simplest  and  most  widely  applied  technique 
still  involves  introducing  an  ionic  conducting  phase  such  as  YSZ 
and  ScSZ  into  the  LSM  to  form  a  composite  electrode  [30-39].  It  is 
believed  that  the  improvement  in  cathode  performance  by  the  for¬ 
mation  of  composite  electrode  is  due  to  the  extension  of  active  sites 
from  the  typical  electrolyte-electrode-air  triple-phase  boundary 
(TPB)  into  the  electrode  bulk.  Furthermore,  the  thermal  expansion 
compatibility  and  adhesion  of  the  electrode  to  electrolyte  is  also 
improved. 

Recently,  we  demonstrated  that  doping  a  proper  amount  of 
Sc3+  into  the  B-site  of  LSM  perovskite  with  the  formation  of 
Lao.8Sr0.2SCyMn1_y03_5  (y  =  0.0-0.2)  solid  solution  resulted  in  an 
improved  cathode  performance  for  the  facilitation  of  the  creation 
of  oxygen  vacancies  inside  the  oxide  bulk  under  current  polariza¬ 
tion  [40].  In  this  study,  to  further  improve  the  cathode  performance 
of  the  Lao.8Sr0.2Sco.ilVIno.903_5  (LSSM)  oxide  at  intermediate  tem¬ 
peratures,  composite  electrodes  were  synthesized  and  evaluated 
as  cathodes  on  a  ScSZ  electrolyte,  adopting  ScSZ  as  a  second  phase. 
The  optimal  LSSM  to  ScSZ  ratio  and  the  fabrication  parameters  were 
determined. 

2.  Experimental 

2.1.  Material  synthesis  and  characterization 

Both  LSSM  and  ScSZ  oxide  powders  were  synthesized  via  an 
EDTA-citrate  complexing  sol-gel  process  [41  ]  with  La(N03  )3  xH20, 
Sr(N03)2,  Mn(CH3C00)2-4H20,  Zr(N03)4-5H20  and  Sc203  (all  in 
A.R.  grade)  as  the  raw  materials  for  the  cation  sources.  Sc203 
powder  was  prepared  in  an  aqueous  solution  by  dissolving  it  in 
diluted  nitric  acid  with  heating  and  magnetic  stirring  before  apply¬ 
ing  the  sol-gel  synthesis.  The  preparation  of  LSSM,  for  example,  is 
described  as  follows.  The  required  amounts  of  metal  nitrates  and 
Mn(CH3C00)2-4H20,  according  to  the  nominal  molecular  compo¬ 
sition  of  the  target  product,  were  prepared  in  an  aqueous  solution. 
EDTA  and  citric  acid,  both  acted  as  complexing  agents,  were  added 
to  the  solution  in  sequence.  The  pH  of  the  solution  was  adjusted 
to  ~6  via  the  addition  of  NH3  H20.  After  evaporating  the  water 
from  the  mixture  via  heating,  a  transparent  gel  was  obtained.  It 
was  pre-fired  at  250  °C  forming  a  solid  precursor,  which  was  sub¬ 
sequently  calcinated  at  1000  °C  for  5h  under  an  air  atmosphere 
to  yield  the  desired  product.  The  phase  structures  of  the  oxide 
materials  were  investigated  by  X-ray  diffraction  using  a  Bruker 
D8  Advance  Diffractometer.  Diffraction  patterns  were  collected  at 
room  temperature  by  step  scanning  angles  (2 6)  between  20°  and 
80°. 

2.2.  Electrochemical  characterization 

Electrochemical  characterization  of  the  composite  electrodes 
with  ScSZ  content  varying  from  0  to  50  wt.%  was  conducted  using 
a  three-electrode  electrochemical  cell  [40].  Electrolyte  disks  were 
prepared  from  (Sc203)0.i(Zr02)o.9  (ScSZ)  powder  by  die  pressing 
and  were  sintered  at  1500  °C  for  5  h  under  an  air  atmosphere.  The 
thickness  and  diameter  of  a  sintered  disk  were  0.3  and  16  mm, 
respectively.  Isopropyl  alcohol-based  slurry  containing  LSSM  and 
the  proper  amount  of  ScSZ  was  sprayed  on  one  side  of  the  elec¬ 
trolyte  substrate  and  then  calcinated  at  1000-1200  °C  in  air  for 
2  h  to  form  the  working  electrode.  Ethanol-based  silver  slurry  was 
applied  to  the  other  side  of  the  electrolyte  as  symmetrically  as 
possible  with  the  working  electrode  acting  as  the  counter  elec¬ 
trode.  Silver  paste  (DAD-87,  Shanghai,  China)  was  used  as  the 
reference  electrode  and  was  painted  in  a  ring  surrounding  the 


counter  electrode.  The  gap  between  the  counter  electrode  and 
reference  electrode  was  ~4  mm,  and  the  area  of  the  working  elec¬ 
trode,  counter  electrode  and  reference  electrode  was  0.26, 0.26  and 
0.3  cm2,  respectively. 

The  cathodic  polarization  resistance  was  measured  using  a 
Solartron  1260A  frequency  response  analyzer  in  combination  with 
a  Solartron  1287  potentiostat/galvonostat.  The  frequency  range 
of  the  electrochemical  impedance  spectroscopy  (EIS)  measure¬ 
ment  was  from  0.1  Hz  to  1000  kHz,  and  the  signal  amplitude  was 
10  mV.  Data  were  collected  using  Zplot  2.9c  software.  The  polar¬ 
ization  current  was  varied  from  0  to  1000  mA  cm-2  in  10  mA 
intervals.  The  results  were  applied  to  correct  for  the  IR  drop 
corresponding  to  the  electrolyte  and  lead  resistances,  thereby 
establishing  resistance-free  //E  characteristics.  Series  resistance 
data  obtained  from  EIS  measurements  were  used  to  make  this 
correction.  The  overall  impedance  data  were  fit  by  a  complex 
non-linear  least  square  (CNLS)  fitting  program  by  Z-View  2.9c 
software. 

2.3.  Single-cell  test 

Anode-supported  cells  were  adopted  for  a  performance  evalua¬ 
tion  of  the  composite  electrodes  under  actual  fuel  cell  conditions. 
The  anode  was  made  from  NiO  and  ScSZ  mixture  with  a  weight 
ratio  of  60  to  40.  An  electrolyte  membrane  was  fabricated  onto 
NiO  +  ScSZ  substrate  using  a  dual-dry  pressing  followed  by  co-firing 
at  1500  °C  in  air  for  5  h.  A  slurry,  prepared  by  dispersing  compos¬ 
ite  cathode  powder  into  an  isopropyl  alcohol  liquid  medium,  was 
sprayed  on  the  electrolyte  surface,  which  was  subsequently  calci¬ 
nated  at  1100-1150  °C  in  air  for  2  h.  Silver  paste  was  adopted  as  a 
current  collector.  Fuel  cell  performance  was  assessed  via  /-Vcharac- 
terization  at  temperatures  between  650  and  800  °C.  Measurements 
were  performed  using  a  digital  sourcemeter  (Keithely  2420)  which 
was  interfaced  with  a  computer  to  facilitate  data  acquisition. 

3.  Results  and  discussion 

3.1.  Reactivity  between  LSSM  and  ScSZ 

When  LSSM  and  ScSZ  composite  oxides  are  applied  as  the  elec¬ 
trodes  for  a  ScSZ-electrolyte  SOFC,  the  phase  reaction  between 
LSSM  and  ScSZ  may  happen  both  inside  the  composite  electrodes 
and  also  at  the  electrode-electrolyte  interfaces.  Such  a  reaction  is 
likely  at  high  operating  temperature  or  during  the  firing  of  the  elec¬ 
trode  layer  onto  the  electrolyte  surface.  It  has  been  demonstrated 
that  the  phase  reaction  between  a  LSM  electrode  and  YSZ  elec¬ 
trolyte  has  happened  at  high  temperatures  and  led  to  the  formation 
of  a  La2Zr207  insulating  phase,  which  could  block  the  ionic  dif¬ 
fusion  and  led  to  a  substantial  increase  of  interfacial  polarization 
resistance  [42].  To  systematically  investigate  the  phase  reaction, 
LSSM  and  ScSZ  powders  in  a  50:50  weight  ratio  were  well  mixed 
by  grinding  with  an  agate  mortar  and  pestle.  The  resultant  mixed 
powders  were  then  calcinated  at  various  temperatures  under  an 
air  atmosphere  for  2  h.  After  cooling  down  to  room  temperature 
naturally,  the  powders  underwent  a  phase  composition  analysis. 
As  shown  in  Fig.  1 ,  all  the  diffraction  patterns  of  the  powders  can 
be  indexed  based  on  the  physical  mixture  of  LSSM  and  ScSZ  oxides 
when  the  calcination  temperature  was  1000, 1050  or  1100  °C.  This 
suggests  that  the  solid-phase  reaction  between  LSSM  and  ScSZ  was 
negligible  under  such  circumstances.  With  the  further  increase  of 
calcination  temperature  to  1150  °C,  the  characteristic  diffraction 
peak  of  a  pyrochlore-type  La2Zr207  at  20  =  28.3°  started  to  appear, 
although  weak  in  intensity,  and  the  peak  intensity  was  strength¬ 
ened  with  the  further  increase  of  firing  temperature.  The  reaction 
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Fig.  1.  X-ray  diffraction  patterns  of  LSSM  and  ScSZ  (50:50  wt.%)  composite  after 
sintered  at  various  temperatures  for  2  h  in  air. 

can  be  described  by  the  following  equation: 

Lao.sSro^Sco.i  Mno.903  +  (SC2O3  )o.i  (Zr02  )o.9 

Lao.8-xSr0.2Sc0.i Mn0.9O3_3X/2  +  (x/2)La2Zr207 

+  (Sc203)o.i(Zr02)o.9-x  (1) 

Since  La2Zr207  is  an  insulating  phase,  the  phase  reaction  between 
LSSM  and  ScSZ  may  have  an  impact  on  the  electrode  performance, 
which  will  be  discussed  in  detail  later. 

3.2.  Effect  of  ScSZ  to  LSSM  ratio  on  the  electrode  performance 

A  composite  electrode  has  been  widely  applied  to  improve  the 
performance  of  LSM-based  material  for  oxygen  reduction  at  inter¬ 
mediate  temperatures.  It  was  reported  that  the  best  activity  for 
oxygen  reduction  of  a  LSM  +  YSZ  composite  electrode  was  achieved 
at  a  YSZ  content  of  20-40  wt.%  [32,36,38].  The  effect  of  ScSZ  on 
the  performance  of  a  LSSM  +  ScSZ  composite  electrode  for  oxygen 
reduction,  and  the  optimal  ScSZ  weight  content  was  investigated  by 
EIS  and  step  current  polarization  (SCP)  based  on  a  three-electrode 
configuration.  To  avoid  the  impact  of  phase  reaction  on  the  elec¬ 
trode  performance,  a  sintering  temperature  of  1100  °C  was  adopted 
for  this  study. 

The  EIS  of  LSSM  +  ScSZ  composite  electrodes  with  various  ScSZ 
contents  at  an  operating  temperature  of  800  °C,  measured  under  an 
air  atmosphere  and  zero  direct  current  passage  are  shown  in  Fig.  2. 
For  the  pure  LSSM  electrode,  the  area  specific  polarization  resis¬ 
tance  (ASR)  reached  2.1  £2  cm2,  which  is  only  slightly  improved  as 
compared  to  the  typical  value  for  a  LSM  electrode  [8-10,30,32,38]. 
We  have  demonstrated  previously  that  partial  substitution  of  Mn4+ 
in  LSM  by  Sc3+  did  not  introduce  ionic  conductivity  into  the  oxide 
under  zero  direct  current  passage,  i.e.,  the  oxygen  reduction  over 
the  LSSM  electrode  was  still  strictly  limited  to  the  TPB  region.  How¬ 
ever,  introducing  ScSZ  as  a  second  phase  with  a  content  as  low  as 
10  wt.%  substantially  reduced  the  ASR  to  a  value  of  ~0.75  £2  cm2  at 
800  °C.  With  the  further  increase  of  ScSZ  content,  the  ASR  decreased 
steadily.  It  reached  ~0.39  £2  cm2  at  a  ScSZ  content  of  50  wt.%.  It  is 
clear  that  the  introduction  of  the  ScSZ  phase  effectively  increased 
the  electrode  activity  for  oxygen  reduction. 

The  overall  electrochemical  reaction  for  oxygen  reduction  over 
the  cathode  of  an  SOFC  can  be  described  as  follows: 

02(g)  +  4e-  =  202-  (2) 


Fig.  2.  EIS  of  ScSZ  +  LSSM  electrodes  with  various  ScSZ  contents  at  800  °C,  measured 
under  zero  direct  current  passage. 


In  reality,  it  may  involve  many  sub-steps,  such  as  oxygen  gas  dif¬ 
fusion,  oxygen  surface  adsorption,  oxygen  dissociation,  electron 
transfer,  oxygen-ion  transfer,  etc.  To  determine  the  role  of  the 
ScSZ  phase  in  the  composite  electrode  on  oxygen  reduction,  the 
EIS  data  were  fit  to  an  equivalent  circuit  composed  of  two  R/CPE 
units  in  series  with  an  electrolytic  resistor  (R0)  and  an  inductor 
(L0).  A  constant  phase  element  (CPE)  represents  a  non-ideal  capac¬ 
itor  of  the  double  layer  at  a  non-planar  TPB.  The  high-frequency 
arc  is  typically  associated  with  the  transport/transfer  of  oxygen 
intermediates/oxide  ions  between  electrode  and  electrolyte  and 
through  the  composite  electrode.  The  intermediate-frequency  arc 
is  related  with  the  surface  diffusion  process,  which  may  include  the 
oxygen  surface  adsorption,  oxygen  dissociation,  oxygen  (oxygen- 
ion)  surface  diffusion,  and  electron  transfer  [8,30-32,43-45].  A 
typical  fitting  result  is  shown  in  Fig.  3a  with  the  equivalent  cir¬ 
cuit  presented  as  an  insert.  The  effect  of  the  ScSZ  content  in  the 
composite  electrode  on  the  size  of  the  high-frequency  arc  and 
intermediate-frequency  arc  are  presented  in  Fig.  3b.  The  size  of  both 
arcs  decreased  significantly  and  monotonically  with  the  increase 
of  ScSZ  content,  implying  both  processes  were  improved  after  the 
introduction  of  the  ScSZ  phase.  The  improvement  in  the  oxygen- 
ion  charge  transfer  process  (high-frequency  arc)  with  the  increase 
of  ScSZ  content  can  be  explained  by  the  increased  nominal  ionic 
conductivity,  while  the  increase  in  surface  diffusion  activity  was 
attributed  to  the  improved  oxygen  surface  diffusion  and  oxygen 
dissociation  processes.  Both  are  facilitated  by  the  increase  of  sur¬ 
face  oxygen  vacancy.  Since  oxygen  surface  reaction  (dissociation 
and  incorporation)  on  stabilized  zirconia  is  known  to  be  slow,  only 
the  diffusion  process  is  likely  to  be  significant;  therefore  the  sizes 
of  intermediate-frequency  arcs  decreased  more  significantly  than 
high-frequency  ones,  as  shown  in  Fig.  3b. 

It  is  well  known  that  LSM  can  be  partially  reduced  under  a 
cathodic  polarization,  which  leads  to  a  substantial  increase  of 
its  activity  for  oxygen  reduction  due  to  the  formation  of  a  large 
number  of  re-generated  oxygen  vacancies  [27-29,39,46].  Thus,  we 
here  investigated  the  behavior  of  LSSM  +  ScSZ  composite  electrodes 
under  a  cathodic  polarization.  Fig.  4  shows  the  impedance  spec¬ 
troscopes  of  the  corresponding  LSSM  +  ScSZ  electrodes  in  Fig.  2 
after  a  cathodic  polarization  at  -0.5  V  for  40  min.  An  additional 
depressed  semicircle  appeared  at  the  low-frequency  range  (several 
Hz).  A  similar  appearance  of  a  low-frequency  arc  was  also  observed 
in  the  literature  for  a  typical  LSM  electrode  after  its  polarization 
[30,38],  where  this  was  attributed  to  the  non-charge-related  gas 
phase  oxygen  diffusion  process.  Since  gas  phase  diffusion  is  not 
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Fig.  3.  (a)  A  typical  fitting  result  of  EIS  of  50wt.%  ScSZ  electrodes  before 
cathodic  polarization  and  (b)  the  polarization  resistance  for  the  high-frequency  and 
intermediate-frequency  arcs  of  the  data  in  Fig.  2  via  the  equivalent  circuit  as  shown 
in  (a). 


Fig.  4.  EIS  of  ScSZ  +  LSSM  electrodes  with  various  ScSZ  contents  at  800  °C,  measured 
after  a  cathodic  polarization  at  -0.5  V  for  40  min. 


an  intrinsic  property  of  an  electrode,  only  the  semicircle  at  the 
high  to  intermediate-frequency  range  was  considered  for  further 
analysis.  Overall,  the  increase  in  ScSZ  content  first  resulted  in  a 
decrease  in  overall  polarization  resistance.  It  reached  a  minimum 
value  of  ~0.22  £2  cm2  at  a  ScSZ  content  of  20wt.%  at  800  °C  (the 
gas  phase  diffusion  polarization  resistance  was  not  included),  and 
then  increased  with  the  further  increase  of  ScSZ  content.  Such  a 
trend  is  different  from  that  before  the  polarization,  which  showed  a 
steady  decrease  in  polarization  resistance  with  the  increase  of  ScSZ 
content.  If  we  compare  the  corresponding  ASRs  for  the  composite 
electrodes  before  and  after  the  polarization,  it  was  found  that  all  the 
samples  showed  an  improvement  in  polarization  resistance  for  oxy¬ 
gen  reduction  after  the  cathodic  polarization,  however,  the  higher 
the  ScSZ  content  the  less  the  improvement  in  overall  polarization 
resistance  was  observed. 

Under  polarization,  the  Mn4+  in  LSSM  lattice  was  partially 
reduced  and  led  to  the  formation  of  oxygen  vacancy  both  over  the 
surface  and  inside  the  oxide  bulk,  which  then  effectively  improved 
the  surface  exchange  kinetics  due  to  the  increased  number  of  active 
sites  for  oxygen  reduction.  The  EIS  in  Fig.  4  was  also  fit  to  an  equiv¬ 
alent  circuit  by  modifying  the  existing  one  as  shown  in  Fig.  3a  by 
adding  a  new  R/CPE  (R3/CPE3)  unit  in  series  to  simulate  the  gas 
phase  diffusion  process  of  the  low-frequency  arc.  Fig.  5a  shows  a 
typical  result  with  the  equivalent  circuit  presented  as  an  insert.  The 


Fig.  5.  (a)  A  typical  fitting  result  of  EIS  of  20wt.%  ScSZ  electrodes  after  a  cathodic 
polarization  at  -0.5  V  for  40  min  and  (b)  the  polarization  resistance  for  the  high- 
frequency  and  intermediate-frequency  arcs  of  the  data  in  Fig.  4  via  the  equivalent 
circuit  as  shown  in  Fig.  5a. 
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derived  high-frequency  arc  was  associated  with  the  ion  transport 
process,  while  the  intermediate-frequency  arc  was  related  to  the 
surface  diffusion,  oxygen  dissociation,  and  electron  transport  pro¬ 
cesses.  As  compared  to  that  before  polarization  (Fig.  3b),  the  ASR 
of  the  ion  transport  process  after  the  polarization  was  reduced  for 
all  the  samples  with  various  ScSZ  contents  (Fig.  5b),  agreed  well 
with  the  increased  nominal  ionic  conductivity  contributed  from 
the  LSSM  phase  because  of  the  partial  reduction.  Similar  to  that 
before  polarization,  the  polarization  resistance  of  the  ion  transport 
process  decreased  monotonically  with  the  increase  of  ScSZ  content. 
As  to  the  intermediate-frequency  arc,  the  size  first  decreased  with 
ScSZ  content,  reached  a  minimum  value  at  a  ScSZ  content  of  20  wt.%, 
then  remained  almost  constant  with  an  increase  of  ScSZ  content  to 
30  wt.%,  and  then  increased  sharply  with  the  further  increase  of 
ScSZ  content  to  40  wt.%  and  higher  (Fig.  5b).  Such  a  phenomenon 
can  be  explained  as  follows.  Under  polarization,  the  LSSM  is  par¬ 
tially  reduced,  increasing  the  surface  oxygen  vacancy  concentration 
on  the  one  hand,  which  is  beneficial  for  improving  the  oxygen 
dissociation  and  oxygen  surface  diffusion;  on  the  other  hand,  the 
creation  of  oxygen  vacancy  results  in  a  decrease  in  electrical  con¬ 
ductivity,  detrimental  to  the  electron  charge  transfer  process.  The 
increase  of  the  polarization  resistance  for  the  surface  diffusion  pro¬ 
cess  at  a  ScSZ  content  of  >20  wt.%  suggests  the  electronic  charge 
transfer  became  predominant  in  the  rate  determination  in  the  sur¬ 
face  diffusion  processes. 

To  further  demonstrate  the  effect  of  ScSZ  on  the  oxygen  reduc¬ 
tion  process  in  the  composite  electrode,  the  dependence  of  1  /R 
versus  the  inverse  oxygen  partial  pressure  of  the  atmosphere  1  /Po2 
was  conducted,  where  the  polarization  resistance  R  was  a  sum 
of  REi  and  RE2  in  Fig.  5a.  The  slope  (n)  has  significant  informa¬ 
tion  on  the  oxygen  reduction  process  [32,43-45].  Fig.  6  shows  the 
dependence  of  n  on  ScSZ  content  in  the  LSSM  +  ScSZ  composite 
electrode  at  800  °C  within  the  oxygen  partial  pressure  range  from 
0.002-1.0  atm.  It  decreased  steadily  with  the  increase  of  ScSZ  con¬ 
tent,  from  an  initial  value  of  ~0.56  at  0wt.%  ScSZ  (pure  LSSM)  to 
a  value  of  ~0.30  with  50  wt.%  ScSZ.  Typically,  a  value  of  0.5  for  n 
is  an  indication  of  the  rate-limiting  by  oxygen  surface  diffusion  or 
oxygen  dissociation  while  1  / 4  should  be  observed  for  an  electron 
charge  transfer  process.  It  then  suggests  that  the  rate-limiting  step 
for  the  oxygen  reduction  process  changes  steadily  from  mainly  a 
surface  diffusion  process  to  an  electron  transfer  process  (n  =  0.25). 

Table  1  shows  the  activation  energy  (Ea)  of  the  impedance  polar¬ 
ization  with  respect  to  the  temperature  at  various  ScSZ  contents 
before  and  after  the  polarization.  All  the  Ea  are  between  110  and 
150  kj  mol-1,  similar  to  the  literature  results  for  a  LSM  cathode 


Table  1 

Activation  energy  (£a )  of  the  impedance  polarization  with  respect  to  the  temperature 
at  various  ScSZ  contents  before  and  after  the  polarization. 

Activation  energy  (kj  mol-1 ) 


ScSZ  content  (%) 


0 

10 

20 

30 

40 

50 

Before  polarization 
After  polarization 

146.24 

130.56 

132.29 

126.30 

127.57 

111.28 

123.70 

116.05 

120.26 

126.70 

114.70 

118.54 

[8-10,30,32,38].  The  lowest  Ea  was  also  achieved  at  a  ScSZ  content 
of  20  wt.%. 

The  performance  of  LSSM  +  ScSZ  composite  electrodes  was 
further  investigated  by  the  step  current  polarization  exper¬ 
iment.  Fig.  7  shows  the  overpotential-current  curves  of 
LSSM  +  ScSZ  electrodes  with  various  ScSZ  contents  at  800  °C. 
At  low  current  density,  for  example  -0.1  A  cm-1,  the  overpo¬ 
tential  has  the  sequence  of  LSSM>LSSM-10%  ScSZ>LSSM-40% 
ScSZ  ~  LSSM-50%  ScSZ  >  LSSM-30%  ScSZ~  LSSM-20%  ScSZ. 
At  a  higher  current  density  of  -lAcm-1,  the  sequence 
changed  to  LSSM>LSSM-10%  ScSZ  >  LSSM-50%  ScSZ>LSSM-40% 
ScSZ  >  LSSM-30%  ScSZ>LSSM-20%  ScSZ.  This  further  supports  the 
idea  that  the  optimal  ScSZ  content  for  a  LSSM  +  ScSZ  composite 
electrode  is  around  20  wt.%. 

3.3.  Effect  of  sintering  temperature  on  the  electrode  performance 

For  practical  application,  the  electrode  should  be  fabricated  onto 
the  electrolyte  surface.  To  determine  the  best  sintering  tempera¬ 
ture  for  the  electrode  layer,  the  LSSM  +  ScSZ  composite  electrode 
with  the  ScSZ  content  of  20  wt.%  was  fabricated  onto  the  ScSZ  elec¬ 
trolyte  surface  at  various  firing  temperatures.  Fig.  8a  and  b  shows 
the  ASRs  of  the  corresponding  electrodes  before  and  after  polar¬ 
ization  at  -0.5  V  at  800  °C  for  40  min,  respectively.  The  increase 
of  sintering  temperature  first  resulted  in  a  decrease  in  polariza¬ 
tion  resistance  up  to  1100  °C,  both  before  and  after  the  polarization. 
A  slight  increase  of  the  ASR  was  observed  when  the  temperature 
increased  to  1150  °C.  The  further  increase  in  sintering  temperature, 
however,  resulted  in  a  sharp  increase  in  the  polarization  resistance. 
Therefore,  the  optimal  sintering  temperature  for  the  electrode  layer 
should  be  between  1000  and  1150  °C. 

As  demonstrated  previously,  sintering  is  required  for  adhe¬ 
sion  of  electrode  and  electrolyte,  but  high-temperature  calcination 
could  result  in  a  phase  reaction  between  LSSM  and  ScSZ  both 


Overpotential  (V) 

Fig.  7.  The  overpotential-current  curves  of  LSSM  +  ScSZ  electrode  with  various  ScSZ 
contents  at  800  °C. 
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Fig.  8.  (a)  The  ASRs  of  composite  electrodes  sintered  at  various  temperatures  before 
polarization  and  (b)  the  ASRs  of  composite  electrodes  sintered  at  various  tempera¬ 
tures  after  polarized  at  -0.5  V  for  40  min. 


inside  the  electrode  and  between  the  electrode  and  electrolyte 
layer  with  the  formation  of  La2Zr207.  Since  La2Zr207  is  an  insulat¬ 
ing  phase  with  negligible  ionic  and  electronic  conductivity,  it  will 
block  the  oxygen-ion  transfer  through  the  electrode-electrolyte 
interface,  resulting  in  an  increase  of  interfacial  polarization  resis¬ 
tance  when  located  between  the  LSSM  and  electrolyte  interface.  On 
the  other  hand,  a  certain  degree  of  solid-phase  reaction  between 
the  electrode  and  electrolyte  layers  is  helpful  for  reducing  the 
contact  resistance  by  increasing  the  connection  between  the  elec¬ 
trode  particles  and  between  the  electrode  and  the  electrolyte  layer. 
Furthermore,  a  slight  A-site  deficiency  in  perovskite  created  via 
reaction  (1)  at  high  calcination  temperature  is  also  beneficial  for 
oxygen  reduction  since  it  may  introduce  oxygen  vacancies  into  the 
oxide  bulk  [46-48].  Fig.  9a  and  b  is  ASRs  of  the  high  frequency 
and  intermediate  arcs  before  and  after  the  cathodic  polarization. 
A  steady  increase  in  the  size  of  high-frequency  arc  supported  the 
fact  that  the  solid-phase  reaction  between  LSSM  and  ScSZ  became 
more  serious  with  the  increase  of  firing  temperature.  The  size  of 
the  high-frequency  arc  was,  however,  still  much  smaller  than  the 
intermediate-frequency  arc,  suggesting  the  polarization  resistance 
of  the  oxygen  ionic  charge  transfer  was  relatively  small  as  compared 
to  that  of  surface  diffusion/electron  charge  transfer  processes.  This 
implies  that  the  solid-phase  reaction  between  LSSM  and  ScSZ  at 
high  temperature  did  not  have  significant  effect  on  the  oxygen 
reduction  over  a  LSSM  +  ScSZ  composite  electrode.  The  polariza¬ 
tion  resistance  for  the  intermediate-frequency  arc  first  envisaged  a 


Fig.  9.  (a)  The  fitting  values  of  Fig.  8a  by  the  model  in  Fig.  3a  and  (b)  the  fitting  values 
of  Fig.  8b  by  the  model  in  Fig.  5a. 


decrease  with  sintering  temperature,  reached  a  minimum  at  a  sin¬ 
tering  temperature  between  1100  and  1150  °C,  and  then  increased 
obviously  with  the  further  increase  of  temperature.  Such  a  phe¬ 
nomenon  could  be  explained  as  follows.  The  increase  in  firing 
temperature  resulted  in  a  better  contact  between  LSSM  and  ScSZ, 
which  was  beneficial  for  reducing  the  interfacial  diffusion  resis¬ 
tance.  On  the  other  hand,  it  also  resulted  in  a  decrease  of  the 
absolute  electrode  surface  area,  which  was  detrimental  to  the  oxy¬ 
gen  surface  reduction.  Calcination  at  1100-1150  °C  resulted  in  a 
sound  connection  between  LSSM  and  ScSZ  in  the  electrode  and  also 
a  favorable  electrode  surface  area. 

Table  2  contains  the  activation  energies  calculated  based  on  the 
temperature  dependence  of  the  polarization  resistance  before  and 
after  the  polarization.  The  measured  values  were  also  within  the 


Table  2 

Activation  energy  (Ea )  of  the  impedance  polarization  with  respect  to  the  temperature 
at  various  sintering  temperatures  before  and  after  the  polarization. 

Activation  energy  (kj  mol-1 ) 


Sintering  temperature  (°C) 


1000 

1050 

1100 

1150 

1200 

Before  polarization 
After  polarization 

143.31 

139.55 

135.24 

135.71 

127.57 

111.28 

131.01 

124.68 

146.51 

144.58 
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Fig.  10.  The  overpotential-current  curves  of  the  LSSM  +  ScSZ  electrodes  sintered  at 
various  temperatures  testing  at  800  °C. 

range  of  110-150  kj  mol-1,  similar  to  the  literature  results  for  typ¬ 
ical  LSM  +  YSZ  electrodes.  The  electrode  fired  at  1100  °C  showed 
the  lowest  activation  energy  both  before  and  after  the  polariza¬ 
tion,  followed  by  the  1150  °C  fired  one.  This  further  implies  that  the 
best  sintering  temperature  for  the  cathode  layer  is  1100-1150  °C. 
The  optimal  sintering  temperature  was  further  determined  by  the 
step  current  polarization  of  an  80wt.%  LSSM  +  20wt.%  ScSZ  com¬ 
posite  electrode.  Fig.  10  shows  the  overpotential-current  curves  of 
the  LSSM  +  ScSZ  electrodes  fired  at  various  temperatures  for  2  h. 
The  electrode  fired  at  1100  °C  showed  the  lowest  overpotential, 
followed  by  the  one  fired  at  1150, 1050, 1200  and  1000  °C. 

3.4.  Single-cell  performance 

To  demonstrate  the  performance  of  LSSM  +  ScSZ  composite  elec¬ 
trodes  in  complete  cells  under  real  fuel  cell  conditions,  ScSZ  +  Ni 
supported  thin-film  (~25  fxm)  ScSZ  electrolyte  fuel  cells  with 
LSSM  +  ScSZ  cathodes  were  fabricated.  The  cathode  layers  were  put 
onto  the  electrolyte  surfaces  at  the  optimal  firing  temperature  of 
1100-1150  °C.  The  ScSZ  content  of  0-40  wt.%  in  the  composite  elec¬ 
trodes  was  investigated.  Fig.  11  shows  the  I-V  and  I-P  curves  of 
the  cells  sintered  at  1150  °C  for  2h  in  air  by  applying  3%  water 
humidified  hydrogen  as  the  fuel  and  ambient  air  as  the  cathode 


Fig.  11.  The  peak  power  densities  of  single  anode-supported  cell  using  various  ScSZ 
contained  cathodes  at  800  and  650  °C. 


Fig.  12.  The  I-V  and  I-P  curves  of  single  cell  with  80  wt.%  LSSM  +  20  wt.%  ScSZ  cath¬ 
ode  at  various  temperatures. 

atmosphere.  It  shows  that  the  fuel  cell  with  80  wt.%  LSSM  +  20  wt.% 
ScSZ  composite  electrodes  displayed  the  best  cell  performance,  in 
accordance  with  the  results  from  the  three-electrode  EIS  and  step 
current  polarization  experiments.  For  a  pure  LSSM  electrode,  a  peak 
power  density  of  526mWcm-2  was  achieved  at  800  °C,  while  it 
increased  to  ~1200  mW  cm-2  when  an  80  wt.%  LSSM  +  20  wt.%  ScSZ 
composite  was  adopted  as  the  cathode,  with  greater  than  100% 
improvement.  Fig.  12  shows  the  I-V  and  I-P  curves  of  a  cell  with 
80  wt.%  LSSM +  20  wt.%  ScSZ  cathode  at  various  temperatures.  A 
peak  power  density  as  high  as  386mWcm-2  was  still  achieved 
at  650  °C.  All  the  above  results  support  the  idea  of  an  80  wt.% 
LSSM +  20  wt.%  ScSZ  composite  as  a  potential  cathode  for  SOFC  on 
ScSZ  electrolyte  operating  at  intermediate  temperatures. 

4.  Conclusions 

The  ionic  conductor  ScSZ  was  introduced  as  a  second  phase  to 
LSSM  perovskite  forming  a  composite  electrode  for  ScSZ-electrolyte 
solid-oxide  fuel  cell,  which  effectively  improved  the  cathodic  per¬ 
formance  at  intermediate  temperature.  The  optimal  ScSZ  amount  is 
around  20  wt.%;  it  shows  a  polarization  resistance  of  ~0.57  £2  cm2 
at  800  °C  as  compared  to  a  value  of  ~2.1  £2  cm2  for  a  pure  LSSM 
electrode  before  polarization.  The  rate-determining  step  of  the  oxy¬ 
gen  reduction  reaction  on  the  composite  cathode  changed  steadily 
from  mainly  a  surface  diffusion  process  to  an  electron  transfer 
process  with  the  increase  of  ScSZ  content.  A  solid-phase  reaction 
between  LSSM  and  ScSZ  occurred  at  1150  °C  or  higher,  with  the  for¬ 
mation  of  a  La2Zr207  insulating  phase;  however,  it  did  not  have  a 
significant  impact  on  the  electrode  performance.  The  optimal  sin¬ 
tering  temperature  of  the  composite  cathode  with  20  wt.%  ScSZ  was 
found  to  be  1100-1150  °C.  Under  such  sintering  temperatures,  a 
favorable  connection  between  LSSM  and  ScSZ  in  the  electrode  was 
achieved  and  a  high  electrode  surface  area  could  also  be  sustained. 
An  anode-supported  single  cell  with  a  LSSM-20  wt.%  ScSZ  compos¬ 
ite  cathode  shows  promising  power  densities  of  ~1211  and  386  mW 
cm-2  at  800  and  650  °C,  respectively.  Together  these  results  sug¬ 
gest  that  the  LSSM  +  ScSZ  composite  electrode  is  very  promising 
for  intermediate-temperature  solid-oxide  fuel  cell  application. 
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